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INTRODUCTION that included a coupled diffusion coefficient that
resulted in a higher diffusion of one material and a

One of the well-known characteristics of arid region lower rate for the other. It appears that a similar
soils is that the temperature undergoes wide fluctua- concept was never seriously applied to the 8oil problem
tions throughout the day and throughout the season. until Taylor and Carr (1960) demon8trated a coupled
These temperature variation8 induce thermal gradients flow of water and heat through a 8aturated soil 8ample.
and temperature differences between locations in thc Such coupling was later demonstrated by Carr (1961)
surface soil. Although the existence of these effects is to occur for both the liquid and vapour flow through
well known, their effect on the processes that occur unsaturated soil materials..,the soil is not so well known. One of the problems The method and experimental basi8 for separating

at h~ been of considerable inte~e8t in recent years the liquid from t~~ vapour flow reported here i8 based
is the mfluence of temperature differences upon the on a concept originally sugge8ted and used by Carr
movement of water in the soil. Early investigators (1961). Since methodology is the primary interest
of thi!! problem discovered that there was a net water of this symposium, the procedure for measuring and
flux from warm to cold in soil materials subjected to a separating the liquid and vapour flow of water in
thermal difference, but they became involved in a soil material that is subjected to a temperature differ-
controversv as to whether the movement was in the ence under conditions of constant preS8ure and matric
vapour or" liquid phase. Some ~tudies supported the potential is considered in considerable detail. ,concept of flow in the vapour phase, and others sup- .

ported the concept of flow in the liquid phase. A net
flux of vapour from warm to cold and liquid from THEORETICAL BASIS
cold to warm was demonstrated in an enclosed and
sealed system of porous material, \\'ater, and air by A column of soil containing water will tran8mit both
Krischer and Rohnalter (1940). This was later con- water and heat when it i8 subjected to a temperature
firmed for soil material, using a different technique, by difference across its two ends. If the soil is un8aturated,
Gurr, Marshall and Hutton (1952), hut they obtained the water flux, JI(', may be divided into a vaP.our
a vapour diffusion coefficient that was very much great- flux, J:" and a liquid flux, J;,
er than expected on the basis of simple laws ,of diff~. 1. = ,1:, + J~ (1)
sion. Sinular studies in sealed systems, tlSmg still
different techniques, were repo,rted by Taylor and If the soil is saturated, the entire flow is in the liquid
Cavazza (1954), \\'ho found that the apparent vapour phase and J: = o. If there is a vapour gap, the flow
diffusion coefficient was ten times larger than expectcd across it must be in the gaseous phase, and J~ = o.
on the basis of simple diffusion laws. Suhscquently" The hcat can be transmitted by three pro~esses; the
there have been repeated observations of this effect, heat carried by the flowing vapour, J;, that carried
and several attempts to explain the phenomena based

. al . " es of Simultaneous movement of I, ,\1 th. time uf Ibi. writing, Prnfe..ur Taylor i. on lea'.. frum Ulah State
on vanous an \8 . d I ., r . . bl h U . - .' . ~~ , . U,llver.,ty .t.. y'ng 11erruuuynamlc' u .rre-er.o e proce at t e no-

'\'ater and heat (Philip and De Vnes, 19;, j; De 'rles, ver,it~ Libre d. Brlo.elle. (llelgium) .onder a Notional Scionce Fuund.tion
".1958; D(~rjaguin and Melnikova, 1958). ~",.ior Po.t l)octor~1 Fellow.hip, The jlonior a..t~or i~ a re.earch .~il ,cien-

81 ... d I. bal, li,t. Soulhwest ~\\CR[), Agr."..lturnl Re.earcb Serv.ce, USDA. 1h. p,,!,er
,';fbe movement of ~ater an l~at m cotton es i, p"b~i.h~d ~ith, the approval ,!f :h" dirtr'"r, l:lah Agricult'lral E~prri.

, ,;a8 succest;fully explaIned by Henry (1939) un a tbeor) In t "ta"on. a. lournal paper :-'0. .40.
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by the flowing liquid, J~, and thal ~'hich nlovt~.~ h:- Tht' limits are m(lre narrow if thi8 is done under condi.
ordinarv thermal conduction of soil con,;tituent" tiolls ,..ht:rl~ .TI1 and .T", ar~ !'mall.
indepe~dent of any fluid flo~', .T~" Therc i." much information that can be determined

. Thc heat flux that i,; atlribulablc t., "att"r that ~ithl)ut knl)~.iIlg or dt:tennining the value of J; (or
evaporates from the ~'arm sidt~ of a soil sample, movl"; L;).
through it as a vapour, and cllnd(~n8t'!; on th~ cool If steady !;tate mea!;urcments of heat and water
side is given b~' the equation fllIXt~S are made !;imultant~ousl~" at constant 3T IT2,

./' = 8"h J:, + C,,3 T J... (2) but. ~t difft'rt'nt VaIU?8 of T, then equation (5) may be
f . applied first to the higher temperature and then to the

~'here 8.h i!; the latent heat of vaporizatil)ll I)t'r IInit 'jo',er tempt'rature and tht~ difference taken to give,
volume of Jiquid water at the temperatllrt' of the as!;uming L; remains constant,
'~ar~ side; C" is the h~at capacity per unit v.,II!lm~ of ~ J. = 8.h ~ J:, + C" 3T ~ .T., (8)

liquId water evaporating at T land con(len"mg at

T 2; and 3 T is the temperature difference het.\"e~n th.. "herc ~.J", is tht~ .Jifft~rt~nce in net water flux. Equation
'..arm and cool sides. The flux, J~, is hert~ mt~asure.J (8) has only one unknown value, ~J;; henee. it may
as .the volume of liquid water that is evaporalt~d from he calculated directly. The increase in liquid phase
a unit cross-sectional area in unit time; ~hen steady flux may be obtained hy applying equation (1-) under
state conditions prevail, this is equal to the rate of the same condition,; as above to give
eondensauon at the cool Mide. The heat flux carried
b h Ii "d ". b ~ J", = ~ J:, + ~ J~. (9)

Y t e qw water IS given y

J; = C" 3 T J~. (3) "r e can thus calculalc the relative increase in vapour
. . and liquid fIuxcs \vithout knowing the absolute magni-

The heat flux attnbutable to thermal conductIon of tude of an..' of lhe fluxes,
the soil constituents is given by .

,8TJ = - Lf ~ (4) EXPERIMENTAL PROCEDURE

where ,L; is tbe mean p~enome~ological,heat conduction The experim~ntal apparatus ~'aR identical witb tbat
coeffi~lent for the soil constituents. fhc net flu~ of described b:-' Carr (1961). It consisted of two water
heat IS expressed by the sum of the above equations chambers that communicate througb a soil column as

~ J C ~ T J J I L 8 T - diagrammed in Figure 1. The chambers were held at. J - 0 l. '+ 0 (. + ) - ' -' (:. )11 - ..'.. . . .. t TI different temperatures by means of a small electric

b al f L ' Id h "hi hcater in one chamber and a l~ooJing coil in the other.If we knew t e v ue 0 ' It wou e pOSSI e to Th fl h I h ' I d b' t' e water ow t roug 1 t e SOl ~'as measure Y

calcuJate J~ fro dm the kslmuJtaneous mea8urd~mfl .ent of noting the progress of a mineral oil bubble througb an

In and J.. un er a nown temperature I erence. t I I t h f all d. t tb t t d.". . , " ex erna g ass u t~ 0 sm lame er a connec eThe ordinary Founer beat conductivIty coefficIent, th t h h d t d dia" . ". e wo e am ers an preven e a pressure uerence
K, IS related to Lf by tbe relatIon (Groot, 1959) from developing. In order to hold tbe matric potential

L' = ~I (6) of the soil water constant, porE/us ceramic plates were
t ~I placed at each t~nd of the soil column, and a mercury

" "1. rnanonleter ~'as connected to the bulk water system.

where ~1 IS the len gth of tbe soil sample. Huwever, Th t ' th O

b Ik t th t II de suc Ion on IS U' ~'a er was en con ro e
the heat conductivit y coefficient that must he used in d " L t . Th" d .

d th t thunng any OlJserva ions, IS eVlce assure a e
e quation (6) sbould be independent of any flowing t t ' I - f th il t uJd b t t ., h il b " d If } po en la 0 e so wa er wo e cons an , since any

water and this ma y not e eas Y o talne. t Ie 1Y" f h . I' . ,. ". ellect 0 c anglng energy as a resu t of the temperature
value used, for L; IS too large" It will res~t ~n a liquId difference would he counteracted by a water content
fto~' that IS too small, and VIce versa. LImits nlav he d O ff th k . th t tal t t ' al t II d" II . 1 crence, us ceplng e 0 po en I ,as con ro e

set on l.tS value, h Jowever, as fod o~I's: II bv th.~ hanging. lIlercurv column, constant throughout
ConsIder that' - 0 an a I water ow occurs. ." .. . - 'I ' ~. the systt'm. ] n order to measure tbe beat transfer,

In the II qwd Phase,' tben J. = J . Then equation ( ;» } , " d ". '" t le t'ntlrt~ apparal1\!i was Immerse In a vacuum,
gives J - C 8 T J = -L' (8 T ;'T2) which i" lhe I d . b h d al 'b 1 I . 11 " "', 2 t P act' III a ~aler al ,an c I rate( as a ca onmeter.
largest" value that -L; (3 T; T ) can have. The .s~aIle8t The heat loss ~'as found by measuring the steady
value IS found when all of the water tran,;fer It' m thc state warm re!iervoir temperature as a function of
vapour phase and J~ = o. Tben, Ja - J", ('d.h -1- (;" el~(:tri(:al t~nergv input ,,'hile the sample chamber
8 T) = -L; (8 TIT!). Combining these statements ~.e .

have 1. "1'1", ..mire a"aly.i. "'porle." her" hR' b...o don. 00 lh. basis of ,h. I,osth
3 T of Iilr .aPlf'l. or soil, bul coodUCli, "y io u.ually expr.a~d on the ba.i, or

J -C8TJ ~-L'-~J -J(8h+(;8T), (7) ."oil l..mp""'luresr..lic'll; heoc.,lhel"'8thor'he.ampl.m ustbeintro.. " . ?' t TI?' f ."", due,d if U" i, to b" mod. or val..". d"termined ind"pe"deutly
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! .. S. A. Taylor and J. W', Cary Soil-water movement in vapour and liquid ph0.ge.!

,,-as evacuated and the porous plate sealed off to prevent
'~ater flow. At a constant cool side temperature a
plot of energy input against warm reservoir tempera-
ture produced a heat loss calibration curve. Then,
,,-ith the sample in plact', the appropriate heat loss
,,-as subtracted from tht' electrical energy input to
give the energy flow ,,-hich was converted to flux by
the application of the appropriate gcometrical and
time factors. Tht' vent ,,-as used to assure constant
atmospheric pressure "ithin the soil sample. In practice,
the vent ,,-as covered with a thin walled rubber pocket
(toy baIioon) to prevent vapour loss antI :.till permit --
pressure equilibrium ,,;th the atmosphere.. '~

It is experimentally difficult to maintain any pre- ';' ,
determined temperature difference because of the ~
nature of the apparatus; consequently, the general :;.

procedure \vas to place a soil sample in a given condi- "};

tion of packing, water content, and matric potential"" ,
in the apparatus; then let a "t~ady state thermal ~ ~
gradient devt'lop across it. The heat and water flow 1 2 3 4 5 6 7 8 ~:
and temperature distribution were then measured. 10-5 AT/T2 . ;'"

-FIG, 2, The flux of heat J q as a funcbon of the !henna! ;..
driving force ~ T jTi. The solid lines are approximate curves j:drawn through the points to smooth the data. The dotted i

line represents the thermal conductivity of the aoil materials
. independent of any heat conducted by fluid flow.

oto,
Measurements ,,-ere made at cool side temperatures
of 15°, 25°, and 35OC., and at a number of different
thermal differences so that curves could be plotted.-

~}ANALYSIS '"

,
Water flow measurements were converted to flux ~
of ,,-ater with dimensions of cm.s cm.-2 (of cross sec- ('-
tion) yr.-I. Measurements were made in terms of liquid

rile,miot water even though part of the flow was in the vapour
phase. The year as a unit of time was used in order to
have practical and understandable figures and avoid
large negative exponents. Heat flow measurements
were converted to heat flux in units of millijoules
cm.-2 se(~.-I. Heat and water fluxes were then plotted as
function!! of ~ T /T2 as shown in Figures 2 and 3. The

Heate, solid curves were dra,,-n as reasonable estimates of
-- probable relation that fit the data. As a first approxi-

i mation, the curves are either estimated or, if the
, number of measurements is sufficient, fitted by a

i least sq"are." analysis of the data. The data for \vater
II Vocuom! Pump.[ fluxe,; are _fi.ot,abl?- more consistent than those for

J ~ 1 heat. fluxes IlIdlcatmg that the accuracy of the method
. Ii ,(. is limited by the accuracy of the heat flux data.

The,mosloled wale' bo,!' L' L'- ? fi d h "J 212 10-3L .I r rom r 19'1Ire ~ we n t at L1 q =. X
. IG. 1. Diagram showiug the' esBelltial comronellts of the joules CIlI.-:! sec.-l under reference temperatures of

xperimental apparatus used in measuring the ,;imultaneous 1:" an~ 35OC: "..hen ~T IT2 = 5 X ~~-5, and from
flow of water and heat through a soil ('ore r('taillcd between figure 3 wc hnd ~J", = -62.5 cm. yr. for the same
two porous plates- <,.I)lloitioIlS. The latent heat of vaporization of water
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TABLE 1. The percelltage of the increase in tolal watl'r fl..w ,--.,-,1 I i-r- 1 I I I j , .' 1 , .

. that moved a, vapour across a sample uf Millville 100 f '~~S"C ~

silt loam soil at a bulk dell!!ity of 1.39 !t.!l'm.:! and I / ~
-19 joules/kg. ".lIte~ potential (191) mu. "lIctiu" r J
on the ".ater re!!ervolr) 80 r / 1

, /to.
~ - / i ., Tpmpe,atu,p "u,vP' u.rd ("c.) 60. - ),11

III' ,Ipgrrp, 15" alld 35° 15° Aud :!5v :!,;" alld :15" ~ ///25 'C.

40 f- Y J~ . 3~'.-

3 42 40 :II) I A "-/ IS 'C.
5 44 48 41.:- /' -'- :~~~~i:~::~- , 20 -- -e/ -" a6 43 46 40 .: - ,V - - - - - )9.- 25' -

(Averllge '~3:!: 3) i ,//- y/ ~.--:- w

~. 0 ,-~.~,:--,,-- ~~- -- ~_-_1?' 01234 S 678

3 -oC . 2 410 ' I -3 If . I d h I . 10,5 ATiT2
at ;) . IS, Jou es cm.. we mc u e t c ( Imen- .' ,
sional factor to convert J: from cm. vr.-1 to cm. FIG. 3. ,Tbe2water fIu~ J~, as a functIon o~ the thermal drIVIng

-1
th 8h - 765 X 10 -5 Th _I f f' 81 ' force j),TIT Thesoild lines are approXlnlate cun.es drawn

~ec., en. - . . e va ue 0 t'f) hr h h . h h d h d d li, I 1 I -ao C -I h . h . 18 8 . I t oug t e pomts to smoot t e ata; t e otte nes reprt-
IS verv c ose to ca. cm. . w IC glVI'S . Jou es

t h I t f I ) d f h h. sen t e vapour p la~e rans er as ca cu ate rom t e eat

cm.-3 for a 4.5°C. difference 1 which, when combined flux curves of Figure 2.

with thc dimensional factor, becomes 5.98 X 10-'.

If these data are applied to equations (8) and (9),

we get j),J..' = 27.4 and j),J~ = 35.1 cm. yr.--l. Thus <; -L; ~T jT2 ::-:';: 2.1 X 10-3. It is highly improbable

the vapour transfer is about 44 per cent, and thc liquid that in this situatiun the water flow will occur entirely

transfer is about 56 per cent of the total increase in in either the liquid ur vapour phases; so ,,-e should

'~ater that moves across the soil core. If we solve the (:hoose an intermediate value. Since the proportion

saUie equation for the same two temperatur(~s but at of tht~ increa!;~ in "at~r flow that is attributable to the

..lTjT2 = 3 X 10-';, we find Cf)8 T = 3.58 X 10- vapour phasc d/}(~s not seem to depend UP(ill either

and using the appropriate values from Figure~ 2 and 3 j), T ur refert'ncc T, the most logical assumption is

we find ~J.'. = 13.9 and j),J~ = 19.3 em. yr.-I. Thus that the pr')purtiun of the transfer that occur~ in the

. 42 per cent of the increase in water trall"fcrred acro,"s vapour phase is th(~ same as the proportion of the

the sample was in the vapour phase, and the balallcc increased tran~fer that oc~curs in the vapour phase
in the liquid phase. A third analysis at ~T /T2 'co, (43 per CCllt) ,\'hich leads to J; = -L; j),T jT2 = 2.0 X

6 X 10-6, with 8C" = 7.18 X 10-7, yields :1J:. c,= 10-3, and ".e have confidence (calculated from the

32.8 alld j),J~ = 43.6 cm. yr.-I. This correspollds to above illequality) that the relation of this value will

43 per cent in the vapour and 57 per cent in the liquid prl)duce an l'rror in liquid water flux less than :i::1.35

phase. In order to check on the validity of the calcu- em.jyr. It is rurted that the measurement of J.. is

lations, and in order to improve the accuracy of the determined almoiit elltirely by the heat flux measure-

estimates, the same calculations ,,'ere repeatccl using ment, J Q' and is influenced very little by the total

both additional sets of differences founcl by using the ,,-ater flo,,' since C,,8 TJ", is so small in comparison

15° and 25OC. curves and the 250 alld 35°(: curve.". tu 3"h; con,;equelltly, any error in estimating L;

The results of all of these calcluations for this sample ,\'ill "huw up only in the liquid flux estimate. Therefore,

are contained in Table 1. the limits of (~rror described above are considered to be

The ,'ariation in the data is such that one can detect acceptable. The curve for J; is plotted as the dotted

no difference in measurements either as a re,"ult of th(' line in Figure 2. The appropriate value of L; is thus

temperature differences chosen or the curves used. found to be 80 joule-degreesjcm.2 sec. Substitution

The fact that the differences for the 150 and 250 curves of this numbl'r iilto equation (5) leads to the. curves

appear to be higher and those for the 25° and 35° that are IJottl'd by the dotted lines in Figure :~. These

curves lower may be the result of a slight displacement lim'" art' !;trai~ht because they were calculated from

upward of the 250 curve when it was plotted. I he J Q values obtained from the straight lincs in Figure 2

thus emphasizing that the accuracy of the method is

limited by the prec.ision with which JQ can be measured.

ESTIMA TION OF SOIL REA T FLUX The differencl' bet,,-een the dotted cun-es and the

~olid curves (Fig. 2) at the same temperature is the

The estimation of the heat flux through the soil (equa water flux that uccurs in the liquid phase.

tion 4) is made by applying the inequalitv (equation 7)
to the 15°C. curve of Fi gur es 2 and 3' at values of I, Th" avprag" '.al~r ..r ~ T wbrll ), !/T' i. S,X 10-,'; i, ,ui.o. Crom 4,2 at 2880

t.. 4.8 at 31)8°K. bul pqlla',ulI (:II '0 '0 morno".,.r to ., that Iho .,.rrago

-j),TjT2 = 2.5 X 10-5 to give the limits of 1.86 X 10-3 v.lur io "omplr,..ly .d"quat"

. 162

.'



.. ,'I. A. laylor anti.l. J~. f,/lry ~oll'lvafer morement In vapour ana £Iqulo pna&es -

DISCUSSION fral,-"ft.'r that is equal and opposite to the combined
,llt'rlllall: inducetl liquid and vapour transfer. Thus,

. The analysis reported above appli,'s to only one soil II,o",~ in the pa;;t, who have attrihuted all of the tran.s-
columll at a given bulk den!'ity and s(,il malrit: pot,'n- f,'r from ,varm to cold to vapour flow, have been 10
tial, and is intended to illustrate the prucedurt.'. Other crror by an amount that is the same magnitude as the
measurements of conductivit~ have bel~n mad.~.m th,'rmally induced liquid phase flux at constant water
this same soil at ditl'erent bulk densitiel; and "al(~r l)I)t'~ntial. If this erroneous procedure is applied to
potentials. Some of these results (Car~-, 1 ~)61) inrlicale incr'~asingl~' wettf~r soils, the apparent vapour flux
that the proportion of the ~'ater that is transmitte.l that is required to explain the results increases until
in the liquid phase in response to a thermal difl'er'~nce it becomes obviously absurd in saturated soils where
increases with the water content of the sample nntil, in it would have to become large beyond all reason in
saturated soil, there is no vapour transfer remaining order to explain the results that are so ea.'Iily explained
(Taylor and Cary, 1960). It also appears that, as the b~' the inclusion of the thermally induced liquid phase
soil dries out, the proportion of the total water trans- flux (Taylor and Cary, 1960).
mission that occurs in the vapour phase increases to a Whether or not the magnitude of the liquid phase
maximum that is reached when the amount trans- flux is adequate to explain the experimentally observed
mitted in the liquid phase becomes negligibly small in results for any particular sample of unsaturated soil
comparison. can onl~- bc rll,tt.~rmined by observations on that' par-

In sealed systems, such as those described by Gurr, ticular sample under the conditions for which meas-
Marl'hall and Hutton (1952) and Ta~..lor and Cavazza nrements ~-erc made. Since thermally induced liquid-
(1954), the net steady state "'ater flux in response to a phase tran;;fer i!l kno,,'n to be th~ primary force that
thermal difference has been equated to the net steady oppose;; flo,," in response to pressure diffcrences in
state liquid water flux in response to thc induced I;ealerl saturated soil systems, and since its relativc
,,'ater potential difference. This procedure can readily importance has bet;n shown herein to be large in
he shown to be valid by extending the methods of unsaturated soil and to va~' with the water content,
Taylor and Carr (1960) to unsaturated soils in which it seems logical that it should be included in any
case the difference in water potential, .l'~, replaces the correct analysis of thermally induced flow in soil
pressure difference in the resulting equations. However, systems. It seems probable that thermally induced
as ,,'e have shown here, there are two components of liquid phase tran~fer can completely explain the
water flow in the direction of heat flow; one i8 the anomalous vapour transfer previously reported, and
vapour flow and the other is the liquid flo,,'. (There go even further in simplifying earlier theoretical

. are also two components in the direction of the induced analyses (Philip ant.! De Vries, 1957; De "ries, 1958)
water potential difference, but that does not concern of ,,-ater flo,'- in un!!aturated soils that are subjected
us at this time.) The liquid phase transfer in response to temperature difference!!.
to thermal gradients when no counter water potential A method has recently been proposed (Taylor, 1962)
is allowed to develop, as reported herein, is certainly for including the intlucnce of temperature in the flo,,'
not small ~ith re8pect to the vapour transfer. As equation for ,,'ater through soil and plant materials.
pointed out above, the liquid phase transfer accounts The water flo,,' t hat results from temperature differ-
for all or nearly all of the thermally induced ~-ater ences may he divided into vapour and liquid phases
transfer in soils that are saturated or nearly saturated. by use of the m'~thods proposed herein. In order to do
It is true that in sealed unsaturated systems the this it i8 nece8sary to determine the vapour and liquid
water potential difference will build up in opposition flo,,' that occurs across a given soil in response to unit
to the thermally induced transfer until the liquid temperature graJient as a function of the water poten-
transfer in response to it will exceed the thermally tial. Once this is done, the influence of temperature on
induced liquid phase transfer, and the net liquid phase "'ater flow can he determined by simultaneous mea-
flux will be from cold to warm. In fact, the water 8urenlents of water potential and temperature and their
potential difference will build up until it induces a gradients.

RESUME

Le.~ moul'ements des eaux du sol en phase vapeur et phase qui produisent d,~s gradienls thermiques de divers
liquide (5. A. Taylor) genres et d'ampleur variable dans les couches super-

ficielles du sol.
L'une des caracteristiques des regions arides est que L'eau se deplace tant en phase liquide qu'en phase
lee sols y sont soumis a de grands ecarts de temperature, vapeur a travers ]es sols qui sont soumis a des diffe-
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. rences Oil it des gradiellL~ dlo Lemperature. Le~ mediucrl'!' I Itl~mli'rl" "'JII" l'effC?L du coefficient d'interactioD.
~esultats qU'ODL don~les Ie,s el;!;ais,de ,rne!!urc lill tlux d'eau ()Il a .;Ial}ur~ Ullt' t heorie lineaire si?,plt' fO/.ldee sur la
u Lravers ces sols I; exphqllc pnnclpalcmellL I,ar d"lI' tltl'rl/lotl~'llamlqlll~ des procel;sus lrreverslbles, qui
faetcllrs dont on nt' peut t.'nir collvl'nahl"m"nt 1:llmJlte J'eml.~1 tra tie tIi"tinguer Ie transfert de liquide et Ie
dans leg equations qui tIecrivent CI' phffiom;'n... 1.1' pre. trullslt'rt de vapeur eL d'incorporer leg coefficients
mier Je ces factlours I~"t que trllis coefficients rl~pn:"I'lltl'llt II'jnl,'racti"n, Grace a cettc theorit', on peut evaluer
ct' fJux : Ie cu~fficient isuthermique pour l'~cuulelnt'lil 1..'r(ln~ dt' grandeur (0'11 regime permanent) JIl transfert
d'cau, Ie coefficient" isohydrique " (f'"ellicielil. de J.l~all tanl. .i rt:tat liqllitIe qll'it Petal dl' vapeur a
con!;tance d'eau) pour recoulement de ehaleur, I't I.. t ruv,~r~ tIes "uls homogenes maintenus a un potentiel
cot'fticienL d'interaction du transfl'rt d'eau eL dutran"f.'rt h~.lrique ecIIIsLa111 I't SOllmiS a Ilne difference de tern-
de chaleur. Les analyses anterieures, folldees "ur It'S lois IIf.:raturt' regulicre. L'analyse permet aussi de calculer
classiques de la diffusion, ne tiennent COlllptc q"'" Jes la« chaleur tic trall8fcrt ", qui indiquera elle-meme
deux premiers de ces coe/Iicients. Le second fat."1eur e1!t ritlf1111~nce relative d'un I;radient (ou d'une difference)
qlll' .Ie transfert en phase Jiquide pt~ut "" o;lIrajuutcr de Lcmperatllre ptlur UIlC difference ou un gradient
au transfert en phase vapeur Ie long d.l/n gradiclll. tic? prl'1i8ioll (ou dc succion).

DISCUSSION

S, DE PARCEVAUX. Dan~ vos deux expose", vous avez surtout S. A. TAYLOR, It can be readily shown that Darcy'~ law is
developpe vos ealculs selon les principes de la thermodyna- valid in saturated !!oil under i~othermal systems providing
mique classique des systemes reversibles en faisant abstrac- the composition IIlld bulk density remain constant, In \ln~a-
lion du facteur temp'. Cela ~st tre!l valable clan!' Ie .'a!! de turated "(Iii,, tht: validity of the law becomes increasingly

mesures a retat statique, questionabl."
. En realite dans les conditions natureIle,;, nou" ,;ornme!l Gardner',; met bod of measuring water eo/lductivity in

toujours loin des conditions de la reversibilit~; il faut alor" IIn!!atllrltled "oil by uutl1o". fron! a pre!!sure membrane
Caire intervenir Ie potentiel II efficace " qui e!!L fimllement appar:lLu,. eoll.i,t, of iI ,;eri~s of approximations. It gives
Ie moteur d~!! deplacem~nts de reau II travers Ie "ul ver~ la re!!ult, that are lI,;eful but the re!!ult!! may not be exact,
plante. There :Ire many f:lctor" that influenc~ "'ater flow in natural

(Cf, M, HALLA IRE. C. R. Academie de~ ~cjt'nct's, 12 mar,. conditions that cannot be controlled or m~a~ur~d. I would
1962.) think that the (;ardn~r approximation for measuring diffu-

sivity or "'ater conductivity would be as good a" many other
S. A. TAYLOR. In the basic paper which I have prc~entt'd the estimate~ that ecologi,;ts are now making. ~

c
only force causing flow is the temperature difference, Thi,~
. b th ' t I t f 11 d ' I P. jARVIS. I havc al".ay!! understood that the term "field

, I; eeause e ex perl men a appara us was care u y e';l~nel , ", , ".,
t k th t t t t ' I t t t ' 1 capaclt v J" l",rre(~tlv upplted only to a situation In undls-0 eep e cons an empera UTe SOl ,va er po en la zero. " , " . . ,
Th th t t .: I d t . fl tl fl I turb~d ';0\1 In the field, I havp alw:l Ys found It difficult tous e wa er po enua oes no \J\ ucnce IC 0". n . , , , . .. !
f t th th d d I d tg Lh f I ' know "'hat tl'rm to u!'e for similar condItions In soil In labo-
ac e me 0 was eve ope as an 011 row 0 app ymg ,. .,

th d . f " bl t tl t d raton' experIment!!, Sme~ I)r, Tavlor used this term In con-
ermo ynaffilCS 0 IrreverSI e proce,;se!! 0 Ie sys em all . ", ,,' ," .

, t b d ' lib . th d ' t Lh L nexlon wIth the sOIl In hi!' expt'rlmenLs, I 8hould like to ask
I!! no ase upon eqw rmm ermo ynamle,;. excep U ., " ,

I ' . th d ' f . ' II him If he thmks It IS of UIlV valll~ ()r meaning in ~uch a context.any ana ys/s using ermo ynamlcs 0 IrreVerSI) e process"" , " , .
. b d th t ' th t th . t t d ' t . In I.hl' literature the t"rnl IS frequently and, I ,,'ould have
IS ase on e assump Ion a e inS an aneous eon I Ion ,,' ,

f t t . t . t '. b G . bb ' , lhuughl, allllo"t alwav" IIIcorrectly, used m eonneXlon "'Ith0 wa er a a porn In a sys em 18 Riven y I S eXpre"!!10n I I . ' '

f, d I d f ' I ' b ' h d ' a }oratory ~xl..'rlDlt:llt.,
or entropy as eve ope or equi I r/um t ermo ynamlcs,

The validity of this as8umptioll and its limitations ha-; been" ,.' " .
bl . hd b P .. d Df I; , ~.A,T~\J,uR,Th"JprlJ1 helllcapa"ltv has no mathematical

e,;ta IS e y rlgogme an e av (see re er~nce,. In lIlY ' '
I '" I I ' I ' d.

'
I M " I " 1" ) I b I ' or pre!:ls" mellnln!!, t 1;0 useu on v oosc v to m leat~ a rang~

urtlc e," easurlllg SOl -water potentia, L can e" lo"n I' . t t t I t I I ' , fi O ld .
1 f. ' , 0 mol" ure con ..n , I la ueVt' op 11\ e ,;01 rom one to

I hat the Instantaneous dr/vlIIg foree on "'otcr. at cunsLant t d f'l " t ' k .. f II 1'h, . .. ' ,. ".0 ay. u er Irr'~o Ion or a sou \IJ~ rain u. e amount
temperature, IS In fact the difference \J\ "'at~r potentIal divided f t t ' d ' ., tl ' I . t d, , , 0 ".a er r" nine vy a SOl lilt J." ." 1JCC e to U pressure
bv the temperature. I regret that I am not fumlhar ""th d ' ff f' I I () 3 '" ( , I f 33 ' I /k ), , . .' I l'rl'nI'C 0 u IOU. "var "'liter pot.,ntla 0 - Jou es g.
the very recent communleatlon of Dr, IlaIlalr., to ,,'hl(,1t II I' 11 ' hi th f ' hM d P f "sua V u !; "It n c run~e C) IIIOI!!ture contents t at are

r, e arcevaux re ~r~. II ' J . h " 11 '
lI"ua ~. '~OIlnectNI "'t I'" ( cnpaelty.

.J. CALEMBERT, Is the Gurdner method haspd on ])arey's p, .JARV/S. \ .er.md 1J1I~..liOiI as-;oeialed with thi. i,; ,vhat is
law accurate enough for an ecologi8t to measure thl' roeffirienl meant hy "~alllratell" !'oil, an expre!!sion which Dr. Taylor. of diffusion? al;lo IIsed'! Is thi~ soil "eltt'r thall at "field cal,acity"?
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~ , ~. S. .1. T'lyl", and .f, Jr, ("'.}" .~...il-lrflt'., mOlcment in rapolI' find lilillid phll,.es

;:;-118 S.;\,T.\'\LOIt.,'\"alllr"t,.,I"oilisol1,'iIJwhi,'Jlallurth"1'°r,' "f'llatl,'rill'l.lir""ti'lnoppo"it"tolh,'"at,'rp"tt'lllilll,lh.~ 'I
"p'lce i, fillt,d with wal"r ,'1111 th"fi' ii; 110 lIir pr",("11 ill th... ,,'al"r II1I1Y I,c 1111111" 10 1110'(' in II tlir"l'tiol1 IIPIHI"ilc 10 it;o' ~1

, "y;ol,',n, S'lilill thi" "OIlditi,'IIl'OIII'lil1;;mllrl' "III,'r I l'llnil 1)"npOI"lllial~radil'nl('I'lIylor.I~)il2).Surhph"III)m"11lIar(, t
flue. afu'r parI uf til..- "HI"r has drail1ed a""y. ""II kilo" II anti "'OmJIIOllly C"II,id,'rl,tI in Ihe bllsi,' lilera\.llre E

IIiI Ih"rmotlYl1umi"" or irr,'v,'r,il,l.. pror"",es (l;r"ol, 1959).

Ii, ,I, IloLCIIET, P'lllr illll'l..er la qlll"til"! .Ie 111011 1".llli'~1II
d,' P"rcl'vanx, je pr{'ci""rui 'Iu,' 11. ]]allair.. u V" lIIolltrer 1111" f. R: (:O,..A~. l:uJlld I)r. 'r,,~'lur cummt'llt Oil Ih" si~l1ifit'al1t'c

l:ircIII;ltion d'eau iI "Olltre-gradi('lll dc pott"ntiel. (~" r..",III,lt ,J "Iil 11'l'rII):II colldlll"livilY a~ m(~aljured by n prl)l,(' or the

,'II II pp:l reliC" para,loxal .'"xpliqlle pnr la uoliorl tip IHllpl1li,'1 t~I'PII,pll b~' 1). !\. II,. \ri.,s. and it.,;relaliun to tilt, phenome-
"jJipupp, 'Iui aj, le nu pulenlip! rla8"iqlle {'vulni, 0'11 I h,.rll"'- Ilulo~i",.1 ,'or.,tmlt, K, ~lIIpllly",j in hi. di,;(,u",;ioll of 80il

IIYllall;i'llie r"vcr~ihle 1111 lernle qui li nt "ompte oJ.. I'irr':- ",It.,r lI\ovem"III'!

,.'r"ihilili' et fnit inter,pnir In vit"';8e de dt",.sechplIlI'lll. ()r,
,lal1s ("Ii "umliliul1" lIutnrell"", I"" variulioll" de 1'.;vapl,lrall"- S. .'\. TAYLOR. ,\'; I r"l'all. th,. 1II,~lIIUU ill qucstion i. (,useu
pirutior! putpnlit"lle laili"ent "upl,oser Ijut' la notioll II" p'Jtpn- IIpllll the rau', ,,1' hl'alinJr allli "\lb"e'luelll "Qoling of a probt'
tj..1 efli~al'e ,,'a modifier ~on"iuernblemellt I., ,~irculalil"1 ,I... to ,,'hiph h,'al i" 'lIpplil~d. TI,i" meth"d woJlld be inf1u"need
1'.'nll que "on pourrait d;;dllire de In silllple "'llIsitli-raliol1 hy wnler 11o,,- alld ,.."Iud Ihcrefore yield n conum'tivilY that
tIll potentiel cnpillwre clnssique. d"ppods partially UII "vall,r f10\'" ~'ht'reas the term L;, i"

imlep"noJellt of \\ater fI..".. IIIlfl d,'pend, only UPUII the "")l1duc-
S. A. T A VI-OR. Ye8, wht"n speaking of flow wt" mu8t "O\I"iu"r t.ivity of th., dry "oil ind,'pel1ucllt of allY fluid IrulI,f..r. The
all of the .forces alia all of thc fluxes (see Taylor "nn (:ary, th"rrnal !,ol1nncti"ity, K. with ,,'Jlich it is r..latt'li Inust al"o

196(), If thcrc is a flow of heat, elt'ctricity or allY utht'r forll) lit" illdc.jlt"nucllt uf anyfluiu flo,,'.
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